Steroid hormone receptors are ubiquitous nuclear receptors with key roles in control of reproduction, fetal development, metabolism, homeostasis, immune response and cognitive functions (1). Estrogen receptor-alpha (ER␣) 1 belongs to the family of transcription factors which control cell growth and differentiation and regulate the expression of proto-oncogenes. ER␣ action is exerted through four distinct pathways: direct ligand-dependent transcription through binding to estrogen response elements (EREs), tethered mode through its binding to other transcription factors which interact with their DNA response elements, nongenomic pathway mediated through membrane or cytoplasmic ER␣ and rapid signaling by protein kinases, and finally, estrogen-independent pathway through growth factor signaling and ER␣ phosphorylation (2). Although the nongenomic pathways are rapidly exerted in a matter of minutes, ERE-mediated genomic pathways are relatively slow, with protein expression being deployed over the course of hours. Because some ER␣ target genes include transcription factors and regulatory proteins, a secondary cascade of gene expression is triggered following the initial stimulation of ER␣.
Steroid hormone receptors are ubiquitous nuclear receptors with key roles in control of reproduction, fetal development, metabolism, homeostasis, immune response and cognitive functions (1) . Estrogen receptor-alpha (ER␣) 1 belongs to the family of transcription factors which control cell growth and differentiation and regulate the expression of proto-oncogenes. ER␣ action is exerted through four distinct pathways: direct ligand-dependent transcription through binding to estrogen response elements (EREs), tethered mode through its binding to other transcription factors which interact with their DNA response elements, nongenomic pathway mediated through membrane or cytoplasmic ER␣ and rapid signaling by protein kinases, and finally, estrogen-independent pathway through growth factor signaling and ER␣ phosphorylation (2) . Although the nongenomic pathways are rapidly exerted in a matter of minutes, ERE-mediated genomic pathways are relatively slow, with protein expression being deployed over the course of hours. Because some ER␣ target genes include transcription factors and regulatory proteins, a secondary cascade of gene expression is triggered following the initial stimulation of ER␣.
Given the fundamental importance of estrogen signaling and its involvement in breast cancer progression, numerous approaches have been undertaken to discover primary ER␣ target genes and their secondary messengers. Global profiling of estradiol-stimulated ER␣-positive cells by ChIP-sequencing and DNA microarrays revealed thousands of EREs (3) (4) (5) (6) and hundreds of estrogen-regulated mRNA transcripts (7, 8) , respectively. In contrast, the impact of ER␣ stimulation at the proteomic level was either measured for individual proteins or simply inferred from transcriptomic data. Even though as many as 62% of human genes have EREs (9) , the diversity of the estrogen-regulated proteome is yet to be elucidated by proteomic methods. Quantitative proteomic methods would also be indispensable to reveal the protein expression dynamics that cannot be deduced from genomic and transcriptomic data.
Quantitative mass spectrometry recently advanced to the level of reproducible measurements of thousands of proteins in mammalian cells (10, 11) . Stable isotope labeling by amino acids in cell culture (SILAC) facilitated global profiling of ligand-induced protein expression whereas targeted proteomic approaches by selected reaction monitoring (SRM) allowed measuring accurate temporal dynamics of protein expression in the presence of receptor agonists and inhibitors (12, 13) .
In this work, we have chosen MCF-7 breast cancer cells as a model ER␣-positive cell line. We used SILAC to discover estrogen-regulated proteins and SRM to verify candidate proteins and also measure temporal dynamics of their expression. In addition, dynamics of protein expression in the presence and absence of the ER␣ antagonist 4-hydroxytamoxifen was used to exclude false candidates and confirm the ER␣-mediated signaling. We also hypothesized that measurement of the dynamics of protein expression over the period of 72 h would reveal early-response (primary) and late-response (secondary) targets of estrogen stimulation. A brief schematic of our discovery workflow is presented in Fig. 1 . Finally, we focused on dynamics of protein expression in a rarely studied network composed of a primary target of ER␣ signaling (transcription factor EGR3) and its secondary messengers (NAB2 and ITGA2 proteins). We hypothesized that siRNA silencing of NAB2 protein, which is also a repressor of EGR3-induced transcription, would lead to the unrestrained expression of EGR3-regulated genes. To investigate the dynamics of protein expression in the ER␣-EGR3-NAB2 network, we relied on quantitative multiplex SRM assays.
EXPERIMENTAL PROCEDURES
Experimental Design and Statistical Rationale-The objective of this study was to identify by SILAC and verify by SRM ER␣-regulated proteins. Taking into account our previous measurements of 76 proteins in MCF-7 cells by SRM and the median biological reproducibility of 8% (13) , the required sample size to detect a fold change of 1.5 (our suggested cut-off for SILAC-derived candidates) was estimated at 3 (two-tailed t test for matched pairs with 80% power at ␣ ϭ 0.05). With these parameters, the minimal changes of protein expression which can be detected with 80% power in three (SILAC identification), eight (SRM verification) and four (NAB2 silencing) biological replicates were estimated at 1.46, 1.14, and 1.28 (two-tailed t test for matched pairs with ␣ ϭ 0.05 and biological reproducibility of 8%). G*Power (version 3.1.7, Heinrich Heine University Dusseldorf) was used for power calculations.
Cell Culture-MCF-7 breast cancer cell line was purchased from the American Type Culture Collection (Manassas, VA). MCF-7 cells were maintained as a monolayer at 37°C in a humidified atmosphere containing 5% CO 2 in RPMI 1640 medium supplemented with 10% FBS. Dextran-coated charcoal-treated FBS (Thermo Fisher Scientific, Mississauga, ON) was used to minimize effects of endogenous steroids and maximize the effect of stimulation with exogenous 10 nM 17␤-estradiol (Sigma-Aldrich, Oakville, ON) (14) . With an estimated doubling time of 33 Ϯ 3 h, cell density did not exceed ϳ80% confluence during the whole stimulation experiment (0 to 72 h).
Western Blotting-Cell pellets were resuspended in 1% sodium dodecyl sulfate in Tris-buffered saline and sonicated three times for 10 s. Total protein amount in the cell lysate was measured by Pierce TM BCA Protein Assay Kit (Thermo Fisher Scientific). Twenty micrograms of total protein from each sample were loaded onto an SDS-PAGE gel (4 -15%) and transferred onto PVDF membranes (BioRad, Mississauga, ON). Western blot analysis was performed with trefoil factor 1 (HPA003425, Sigma-Aldrich), SPINT1 (HPA006903, Sigma-Aldrich), NAB2 (PA5-27925, Thermo Fisher Scientific), EGR3 (sc-191, Santa Cruz Biotechnology, Dallas, TX) and beta-actin (ab8227, Abcam, San Francisco, CA) antibodies.
Cell Labeling by SILAC-SILAC media were prepared using customized RPMI 1640 media devoid of L-arginine and L-lysine (Athena ES, Baltimore, MD). "Heavy" media was prepared by addition of L-13 C6-arginine (87 mg/L) and L-13 C6-, 15 N2-lysine (54 mg/L) from Cambridge Isotope Laboratories (Tewksbury, MA), whereas "light" media was prepared by addition of L-12 C6-arginine and L-12 C6-, 14 N2-lysine (Sigma-Aldrich). Both heavy and light media were supplemented with dialyzed FBS (10% final, Gibco, Thermo Fisher Scientific). Supplemental L-proline (150 mg/L, Sigma-Aldrich) was added to suppress conversion of supplemental arginine to proline during metabolic labeling. Cells were seeded into T25 flasks and grown for ϳ 9 days (six doublings) to ensure near-complete labeling. Labeled cells were detached with a nonenzymatic cell dissociation buffer (SigmaAldrich) and seeded in 6-well plates (Cellstar, Greiner Bio One, Monroe, NC) with 10 6 cells per well, in triplicates. Cells were left for 24 h in the FBS-free RPMI 1640 to induce cell cycle synchronization, washed twice with PBS and then media was changed for RPMI 1640 supplemented with 10% dextran-coated charcoal-treated FBS. Fol- 
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lowing the 24 h-cell attachment, the media of heavy cells was replaced with RPMI 1640 with 10% dextran-coated charcoal-treated FBS and 10 nM 17␤-estradiol (Sigma Aldrich), whereas the media of control light cells contained RPMI 1640, 10% dextran-coated charcoal-treated FBS and 0.1% ethanol. Cells were grown for 6 or 36 h, washed with PBS and centrifuged at 290 g for 10 min. Supernatants were discarded, and cell pellets were kept at Ϫ80°C.
Cell Lysis and Proteomic Sample Preparation-Three biological replicates of ϳ3 ϫ 10 6 cells (500 g of total protein) were reconstituted in 200 l of 0.1% RapiGest SF (sodium-3-[(2-methyl-2-undecyl-1,3-dioxolan-4-yl)-methoxyl]-1-propanesulfonate, Waters, Milford, MA) and lysed as previously described (15) . All lysates were centrifuged for 20 min at 16,000 ϫ g at 4°C, even though no debris was observed after lysis. Total protein was measured by the BCA assay (Pierce), and equimolar amounts of heavy-and light-labeled cell lysates were mixed. Trypsin digestion of proteins was performed as previously described (13) . Briefly, proteins were denatured at 65°C, reduced with 10 mM dithiothreitol, alkylated with 20 mM iodoacetamide and digested overnight at 37°C using sequencing grade modified trypsin (trypsin/total protein ratio 1:30; Promega, Madison, WI). RapiGest SF was cleaved with 1% trifluoroacetic acid and removed by centrifugation.
LC-MS/MS and SILAC Data Analysis-Following protein digestion, mixtures of light and heavy cell lysates were fractionated by strongcation exchange chromatography, eighteen fractions were collected and analyzed by reverse phase liquid chromatography-tandem mass spectrometry (LTQ-Orbitrap XL,Thermo Fisher Scientific) as previously described (13, 15) . For protein identification and data analysis, XCalibur software (v. 2.0.5; Thermo Fisher Scientific) was utilized to generate RAW files. Mass spectra were analyzed using MaxQuant software (version 1.1.1.25), which generated a peak list as well as SILAC-and extracted ion current-based quantitation for SILAC pairs. MaxQuant executed spectral search against a concatenated International Protein Index (IPI) human protein database (version 3.71) and a decoy database. Parameters included: trypsin enzyme specificity, SILAC double measurements of Lys8 and Arg6, 1 missed cleavage, minimum peptide length of 7 amino acids, minimum of 1 unique peptide, top 6 MS/MS peaks per 100 Da, peptide mass tolerance of 20 ppm for precursor ion and MS/MS tolerance of 0.5 Da and fixed modification of cysteines by carbamidomethylation. Variable modifications included oxidation of methionine and acetylation of the protein at N terminus. All entries were filtered using a false positive rate of 1% both at the peptide and protein levels, and false positives were removed. MaxQuant search file proteinGroups.txt was uploaded to Perseus software (version 1.4.1.3). Protein identifications annotated in the columns "Only identified by site", "Reverse," and "Contaminant" as well as proteins identified only in a single replicate were filtered out. Heavy-to-light ratios ("Ratio H/L Normalized") for two or three replicates were log2-transformed and used to calculate average ratio and statistical significance (t test with Benjamini-Hochberg false-discovery rateadjusted p values) and generate volcano plots. Raw mass spectrometry proteomics data and MaxQuant ouput files with peptide and protein identifications were deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the data set identifier PXD002797. Reviewer account details (http://www.ebi.ac.uk/pride/archive/login): Username: reviewer78691@ebi.ac.uk; Password: ZPNADXAH.
Development of SRM Assays-The Peptide Atlas database (www. peptideatlas.org) was used to select top 5-8 peptides for each of 161 proteins. Fully tryptic peptides with 7-20 amino acids were chosen, and peptides with methionine and N-terminal cysteine residues were avoided, if possible. A list of 805 peptides was uploaded to Pinpoint software, and all possible y-ion transitions (y3 .y[n-1]) were generated in silico for light and corresponding heavy peptides. An equimolar mixture of regular MCF-7 cells and SILAC-labeled heavy MCF-7 cells was used to experimentally test nearly 12,000 transitions within five iterations. The rationale for multiple iterations was to promptly develop SRM methods for high-and medium-abundance peptides and exclude them from the following iterations. That allowed us to focus on low-abundance peptides and test their SRM assays with higher scan times, lower background and more points per peak. If we were in doubt about some proteins, peptides or transitions, we confirmed them using our SILAC data or our MCF-7 proteome (13) .
In the first iteration of method development, 13-15 light and heavy peptide pairs and about 200 transitions were included into each of 60 survey SRM methods and analyzed in a nonscheduled mode with 7 ms scan times per transition. In the second iteration, eight peptide pairs and around 110 transitions were included into each of 50 survey SRM methods and run in a nonscheduled mode with 15 ms scan times per transition. In the third iteration, three peptide pairs and around 45 transitions were included into each of 25 survey SRM methods and run in a nonscheduled mode with 40 ms scan times per transition. In the forth iteration, retention times from the previous three steps were used to schedule 109 proteins, 197 peptide pairs and nearly 2700 transitions in 12 methods (ϳ240 transitions with 25 ms scans per method). In the fifth iteration, peptides were reanalyzed and the following parameters were verified, recorded or optimized, if required: (1) top 3 transitions; (2) retention times of light and heavy peptides and scheduling intervals; (3) heavy-to-light ratios of transitions; (4) selectivity of transitions and possible interferences; (5) scan times. Transitions with fragment m/z higher than precursor m/z were preferable; however, transitions with lower m/z but high signal-tonoise ratio were also used. As a reference to exclude possible interferences, we used corresponding heavy-isotope labeled peptides derived from the digest of heavy SILAC cells. To ensure high selectivity and the correct identity of each SRM peak, we applied the following criteria for each light and heavy peptides: (1) correspondence of LC retention times of light-and heavy-peptide forms; (2) superposition of transitions: light-and heavy-peptide forms should have a minimum of 6 -8 overlaid y-ion transitions to ensure correct peptide identity in complex mixtures (16) ; (3) order of transitions: same order of y-ion transition intensities for light-and heavy-peptide forms, e.g. y1Ͼy2Ͼy3; (4) integrated area of all transitions: area of light and heavy peptides should be equal in the equimolar mixture of lysates. For proteins with multiple peptides, two peptides with the highest SRM area and significantly different retention times were chosen. All peptides were analyzed with the Basic Local Alignment Search Tool at http://blast.ncbi.nlm.nih.gov/Blast.cgi to ensure that peptides were unique to each UniProtKB/Swiss-Prot protein identifier. The exception was made for some high-abundance proteins selected for data normalization, such as tubulins, for which peptides represented several protein isoforms. For peptides which were shared between several members of the same protein family, we applied the "Occam's Razor" principle: within a protein family, we assigned a peptide to that protein isoform which was found differentially expressed in SILAC experiment, was detected with a substantially higher mass spectrometry intensity in the cell lysate, and whose mRNA transcript was identified by RNA sequencing in MCF-7 cells according to the Human Protein Altas (17) .
At the final step, 31 candidate proteins and 16 housekeeping and control proteins were scheduled in a single SRM method within 3.2-min (Ϯ1.6 min) intervals during a 60 min LC gradient. Two most intense and reproducible transitions were monitored per each light and heavy peptides. Scan times were optimized for each peptide to ensure the measurement of 15-20 points per LC peak per transition.
Cell Culture and Growth Conditions for SRM Quantification-For SRM-based experiments, four biological replicates for each growth condition were used. Approximately 0.5 ϫ 10 6 cells were seeded individually into 6-well tissue culture plates and left for 1 day for cell attachment. Cells were then transferred to RPMI 1640 culture medium supplemented with 10% dextran-coated charcoal-treated FBS and grown for 24 h. Following this, cells were stimulated with either 10 nM 17␤-estradiol in 0.1% ethanol (final concentration) or 0.1% ethanol. Cells were grown as a monolayer for up to 72 h after 17␤-estradiol stimulation and then trypsinized and lysed. For ER␣ antagonist experiment, cells were treated with 10 Ϫ10 to 10 Ϫ6 M 4-hydroxytamoxifen (Sigma Aldrich), then immediately treated with 10 nM 17␤-estradiol and grown for 36 h.
NAB2 Silencing by siRNA-Increasing concentrations (20 -80 nM) of siGENOME human NAB2 siRNA pool (m-020080 -01-0005, GE Dharmacon) and vehicle control (20 -80 nM) siGENOME nontargeting siRNA pool (D-001206 -14-05, GE Dharmacon) were used to define the optimum concentration for NAB2 silencing. MCF-7 cells were transfected for 24 h with the optimum concentration (40 nM) NAB2 siRNA pool or vehicle control. Following transfection, cells were grown for 24 h in RPMI 1640 culture medium supplemented with 10% dextran-coated charcoal-treated FBS and then stimulated with 10 nM 17␤-estradiol.
Cell Lysis and Protein Digestion for SRM Quantification-Four biological replicates of ϳ2 ϫ 10 5 cells (ϳ30 g of total protein) were reconstituted in 100 l of 0.1% RapiGest SF (Waters), vortexed, sonicated three times for 30 s and centrifuged for 20 min at 16,000 ϫ g at 4°C to ensure absence of cell debris and completeness of lysis. Equimolar amounts of total protein derived from the nonstimulated heavy SILAC cells were added to serve as internal standards for the accurate relative quantification. Samples with 60 g total protein were transferred to the 96-well plate, and proteins were denatured at 65°C using PCR thermocycler (MasterCycler 5332, Eppendorf, Germany), reduced with 10 mM dithiothreitol and alkylated with 20 mM iodoacetamide. Samples were then digested overnight at 37°C with sequencing grade modified trypsin (trypsin/total protein ratio 1:30; Promega). RapiGest SF was cleaved with 1% trifluoroacetic acid and samples in the 96-well plate were centrifuged at 290 g. Peptides were extracted with 10 l OMIX C18 tips (Varian, Lake Forest, CA) using 12-channel pipettes and eluted with 10 l 64.5% acetonitrile. Recovery yield from Omix C18 microextraction tips was ϳ80%, as previously estimated by SRM analysis of BSA peptides. Heavy isotopelabeled peptide LSEPAELTDAVK* peptide was spiked into each digest and used as a quality control for C18 microextraction. Peptides were diluted to 130 l with 0.1% formic acid in water. The following precautions were taken to minimize possible modifications of peptides (oxidation of methionines and deamidation of asparagines and glutamines) during storage and analysis: (1) supplementation of the protein digest with 0.4 M methionine, (2) storage of tryptic peptides at Ϫ20°C until use; and (3) sealing of 96-well plates with silicone rubber mats and preservation of plates at 7°C during SRM analysis.
Protein Quantification by SRM-Peptides were separated by 60-min C18 reversed-phase liquid chromatography (EASY-nLC, Thermo Fisher Scientific) and analyzed by a triple-quadrupole mass spectrometer (TSQ Vantage or TSQ Quantiva, Thermo Fisher Scientific) using a nanoelectrospray ionization source, as previously described (18, 19) . Reproducibility of SRM signal was ensured by running a solution of 0.25 fmol/l BSA every 9 runs. Carryover was estimated in the range 0.05-0.2%. Use of heavy-isotope labeled peptides as internal standards ensured stability and reproducibility of SRM analysis. Two technical replicates (40 l each) and four biological replicates were analyzed for each biological condition. Blocks of four biological replicates were randomized within time-response and antagonist-response experiments. Proteins in the ER␣-EGR3 network were quantified by a triple-quadrupole mass spectrometer TSQ Quantiva (Thermo Fisher Scientific) and the identical chromatography setup.
SRM Data Analysis-Raw files were analyzed with Pinpoint software (Thermo Fisher Scientific), and areas of each light and heavy SRM transitions were extracted. Analysis of SRM data included normalization of all light endogenous peptides by spiked-in heavy peptides (to account for the variability of mass spectrometry analysis), followed by re-normalization of light peptides of all proteins by a set of high-abundance house-keeping proteins (to account for the variability of sample handling, cell lysis, and total protein analysis). Essentially, protein abundances were normalized to the equal number of cells in each biological condition.
To normalize SRM data, we followed a previously proposed intensity-based approach for pairs of light and heavy peptides (20) , rather than a standard ratio-based approach used to analyze SILAC data. In the first step of data normalization, the mean area of two technical injections was calculated for each light and heavy SRM transitions. Because the equal amount of heavy cell lysate was spiked into each biological replicate, in the second step the median area of each heavy SRM transition was used to calculate a unique correlation coefficient for each biological replicate. In the third step, such coefficient was used to calculate the normalized area of light SRM transitions for each biological replicate. In the fourth step, areas of "light" SRM transitions of high-abundance house-keeping proteins (13 proteins and 24 transitions in the verification experiment and 7 proteins and 14 transitions in the ER␣-EGR3-NAB2 network analysis) were used to calculate the median correlation coefficient for each biological replicate. Such coefficient was used to calculate the renormalized areas of each light transition in each biological replicate. Intensities of two transitions of each peptide were summed to obtain the area of each light peptide in each biological replicate. We also assumed that the area of each unique peptide represented a proxy of the abundance of the corresponding protein. Finally, the mean abundance of each protein in four biological replicates and the corresponding standard deviations were calculated. Our normalization approach reduced the variability and facilitated an accurate analysis of relative protein abundances.
SRM raw mass spectrometry data and data processed with Pinpoint viewer have been deposited to Peptide Atlas repository with the data set identifier PASS00796. URL: http://www.peptideatlas.org/ PASS/PASS00796; Username: PASS00796; Password: NR473vp Full URL: ftp://PASS00796:NR473vp@ftp.peptideatlas.org.
Statistical Analysis of a NAB2 Silencing Experiment-Repeated measures two-way ANOVA was used to compare time courses of stimulation (0 -36 h; first factor) and the impact of NAB2 silencing (siRNA-NAB2 versus nontargeting siRNA, second factor). All tests were performed with ␣ value of 0.05. Bonferroni's multiple comparisons post-tests at 95% confidence level were used to test selected combinations of factors. To indentify proteins which expression might be enhanced upon NAB2 silencing, we used the following four criteria which had to be met simultaneously: (1) significant overexpression in 36 versus 0 h in a nontargeting siRNA group (adjusted p Ͻ 0.05); (2) significant overexpression in 36 versus 0 h in NAB2-silenced group (adjusted p Ͻ 0.05); (3) significant overexpression in 36 h between NAB2-silenced and control groups (adjusted p Ͻ 0.05); (4) substantial fold changes (Ն1.2; see Experimental design).
RESULTS
Optimization of Estradiol Stimulation-As a model cell line, we selected MCF-7 breast cancer cells which express ER␣, but not ER␤ (21) . MCF-7 cells have been extensively used for identification of estrogen-regulated genes by genomic and transcriptomic platforms (3) (4) (5) (6) . We previously confirmed by shotgun and SRM mass spectrometry the presence of ER␣ and absence of ER␤ in the MCF-7 cell lysate (13) .
To optimize cell culture conditions for estradiol stimulation, we relied on SRM measurement of trefoil factor 1 (TFF1), an estrogen-regulated protein and a well-known marker of estradiol stimulation (13) . Using TFF1, we optimized cell culture conditions, estradiol concentration and established time points to monitor the maximum effect of stimulation (supplemental Fig. S1 ). Starvation of cells in the FBS-free media for 24 h prior to stimulation was used to induce a reversible cell cycle arrest and synchronize cell cycle to G0/G1 (22) . Thus, cells progressed to S phase after addition of the 10% FBSsupplemented media. In addition, we compared cell proliferation with continuous stimulation by 10 nM estradiol remaining in the media versus single-point stimulation during which culture media was replaced after 1 h of stimulation by 10 nM estradiol. No significant differences in the proliferation rate of MCF-7 cells were observed.
Based on optimization experiments, we proceeded with 6 and 36 h of stimulation in the SILAC experiment, in order to identify the early-and late-response proteins. These time points were also in agreement with previous transcriptomic approaches, which suggested 4 and 24 h to identify the earlyand late-response genes (21) . A period of 6 h cell growth after stimulation was chosen based on previously measured mRNA transcription and protein translation rates (23) and the limit of detection of our SRM protocol (ϳ50,000 protein copies per cell) (13) .
Identification and Quantification of ER␣-regulated Proteins in MCF-7 Cells
Using SILAC-A total of 3105 and 3198 proteins were quantified by mass spectrometry in 3 biological replicates of MCF-7 cells exposed to stimulation with 10 nM 17␤-estradiol (heavy SILAC cells) and vehicle control (light SILAC cells) for 6 and 36 h, respectively. As expected, the abundance of most quantified proteins was not affected by the estradiol treatment, resulting in an average normalized heavy-to-light ratio close to one. Statistical analysis (Benjamini-Hochberg-adjusted p values Ͻ 0.05) revealed 13 and 96 proteins differentially expressed upon estradiol stimulation in 6 and 36 h of stimulation, respectively ( Fig. 2A) . Because measurements of small relative changes in protein expression may not be reproducible because of high biological variation, we selected proteins with rather substantial differential fold changes (Ͼ1.5 or Ͻ0.67) which can be verified experimentally by SRM assays. A high-quality list of estradiol-regulated proteins thus included 103 proteins (supplemental Table S1 ).
Interestingly, only 40 of 103 corresponding genes had estrogen response elements in their promoter regions, based on the Human ERE Database (9). Trefoil factor 1 (TFF1), a known primary target of ER␣, was found to be increased 1.6-and 4.5-fold at 6 and 36 h upon stimulation, respectively (supplemental Fig. S2 ). In accordance to our previous observations (13), ER␣ itself was found to be down-regulated 0.6-and 0.4-fold at 6 and 36 h. Other primary targets of estradiol stimulation such as progesterone receptor (PGR) and growth regulation by estrogen in breast cancer 1 protein (GREB1) were found among the top candidates at 36 h stimulation, up-regulated by 4.4-and 3.2-fold, respectively. Reproducibility of fold change ratios between biological replicates of 36 h stimulation for TFF1, GREB1, and PGR were 7, 3, and 7%, respectively. The robust performance of known estrogenregulated proteins suggested that our list of 103 estrogenregulated proteins was of a high quality.
It should be noted that identified estrogen-regulated proteins included multiple markers of cellular proliferation such as CDK1, CDK2, TOP2A, MKI67, MCM4, MCM6 and others (24) . Some of these markers were secondary-response proteins, such as MKI67 (antigen ki-67), a prognostic breast cancer biomarker and a major determinant of the Oncotype DX score used clinically (25) .
A manual search of the differentially expressed proteins in the NextProt database (www.nextprot.org) was performed to examine their molecular function and subcellular localization. Proteins found to be involved in the same molecular function were grouped together and the major groups were depicted in Fig. 2B . As expected, functions related to cell proliferation, cell cycle regulation, transcriptional regulation, nucleotide metabolism and DNA replication were identified.
Development of a Multiplex SRM Assay for Candidate ER␣-regulated Proteins-To develop SRM assays, we followed our previously published approach (13) . In addition to 103 SILAC candidates which were found significantly over-or underexpressed in three biological replicates, we also included a group of 58 proteins with substantial up-regulation in one or two biological replicates. Briefly, for each of the 161 proteins we selected five peptides based on the Peptide Atlas data (www.peptideatlas.org). We monitored by SRM both light and heavy forms of 805 peptides in a digest of an equimolar mixture of lysates of light and heavy isotope-labeled SILAC MCF-7 cells. Several iterations of experimental testing of SRM assays reduced that list to 56 proteins and 81 proteotypic peptides.
Challenges encountered during SRM development revealed that many estrogen-regulated proteins were expressed in MCF-7 cells at very low levels and thus were not amenable to SRM quantification in the unfractionated cell lysate. Even though additional fractionation approaches, such as strong-cation exchange chromatography or off-gel isoelectric focusing, would increase sensitivity of analysis up to several hundred protein copies per cell (26), these additional steps would significantly decrease the throughput and reproducibility of protein quantification. To increase sensitivity of a multiplex SRM assay, we retained a single unique peptide per protein and removed peptides and proteins measured with poor reproducibility. Our final SRM assay included 23 candidate estrogen-regulated proteins identified in three biological replicates, 17 proteins with substantial fold changes only in a single replicate, 13 high-abundance house-keeping proteins for data normalization and three markers of hypoxia. The latter markers were used to detect the adverse effects of growing Table S1 for the full list of estrogen-regulated proteins. B, The search for molecular function and sub-cellular localization using the NextProt database (www.nextprot.org) revealed that the majority of identified proteins were involved in cell proliferation, cell cycle regulation, transcriptional regulation, nucleotide metabolism and DNA replication. cells for 72 h and possible starvation and hypoxia which could decrease levels of ER␣ and thus affect estrogen-regulated proteins, as previously reported (13) .
Validation of ER␣-regulated Proteins by SRM-Before proceeding to validation of estrogen-regulated proteins and measuring the dynamics of their expression, we measured by SRM the relative expression of trefoil factor 1 after 36 h of stimulation with different combinations of 17␤-estradiol and 4-hydroxytamoxifen, an active metabolite of tamoxifen and a potent antagonist of ER␣ (27) . Such experiment provided an estimate of the optimal concentration of 4-hydroxytamoxifen (IC 50 Ͻ100 nM) and facilitated selection of five different concentrations of 4-hydroxytamoxifen within the range 0.1 to 1000 nM, in order to set-up a dose-response study (supplemental Fig. S3 ).
Following that, we stimulated MCF-7 cells with 10 nM 17␤-estradiol or vehicle control and cultured for different time points and in the presence of different concentrations of 4-hydroxytamoxifen, before proceeding to cell lysis. In total, MCF-7 cells were exposed to 14 different biological conditions, with four biological replicates per condition (supplemental Table S2 ).
Upon cell lysis, equimolar amounts of lysates of nonstimulated SILAC heavy isotope-labeled MCF-7 cells were added to allow for accurate relative quantification of peptides by SRM, and the protein mixture was subjected to the proteomic sample preparation. All lysates were simultaneously subjected to the sample preparation protocol, and the peak areas for each light and heavy peptide were measured with a multiplexed SRM assay (supplemental Table S3 ). Because the accuracy of colorimetric total protein assays may be affected in the complex mixtures and in the presence of detergents, we measured by SRM 13 high-abundance house-keeping proteins, selected from our previous work (13) . Our analysis of relative abundances of proteins thus relied on the stepwise normalization of SRM area using heavy isotope-labeled peptide standards followed by normalization with 13 high-abundance house-keeping proteins. Such stepwise normalization excluded possible analytical issues arising because of the cell lysis, sample loss, protein digestion, LC peptide separation and MS ion suppression, and substantially improved reproducibility of relative quantification.
After data analysis, 9 of 40 proteins were excluded because of their poor reproducibility of biological replicates. Finally, accurate dynamics of expression was measured for 31 proteins (supplemental Tables S4 -S5) . Such low success rate of SRM development (31/161) can be explained by the low abundance of estrogen-regulated proteins. Dynamic range of SRM analysis was 3.5 orders of magnitude, with the lowest levels for CDK1 and CDK2 and the highest levels for betaactin. This range correlated well with the previously reported levels of ER␣ (120,000 copies per MCF-7 cell), progesterone receptor (ϳ50,000 copies per cell) and beta-actin (ϳ10 8 copies per cell) (28, 29) .
Estradiol stimulation resulted in the strong over-expression of known estrogen-regulated proteins such as trefoil factor 1 (Table I and Fig. 3 ). In total, 18 of 19 SILAC candidates identified in three biological replicates responded to estradiol and 4-hydrohytamoxifen, thus leaving a single protein (ACACA) as a false positive. Five control and house-keeping proteins contained EREs, but did not respond to estradiol stimulation or 4-hydroxytamoxifen. Expression of these control and house-keeping proteins may require the recruitment of additional transcription factors or regulatory proteins absent in MCF-7 cells. Interestingly, all 10 proteins identified by SILAC in a single biological replicate did not respond to estradiol and 4-hydrohytamoxifen and were noted as falsepositives (supplemental Table S6 and supplemental Fig. S4 ). Even though SRM results revealed only one false-positive candidate in the group of 19 validated proteins (Table I) , we believe it was essential to verify the expression of SILACderived candidates by alternative assays, such as SRM, in the unlabeled cells which were grown in their native media. We also concluded that our list of 103 estrogen-regulated proteins was of a high quality.
It should also be noted that ALDOA, ALDOC and SLC2A1 markers revealed possible hypoxia and starvation at 72 h of cell growth in the 6-well tissue culture plates. According to our previous findings (13) , hypoxia may result in the reduced expression of estrogen-regulated proteins ,because of degradation of ER␣. Thus, measured expression of some proteins at 72 h may be biased. We would recommend continuous monitoring of ALDOA, ALDOC, or SLC2A1 proteins in the future studies on ER␣ signaling to avoid the negative impact of hypoxia and starvation.
Comparison of SILAC and SRM Data-Our data showed that temporal dynamics of protein expression in the SILAClabeled cells may be delayed and even distorted. For example, expression of trefoil factor 1 at 6 h was noticeably weaker in the SILAC experiment (1.6-fold increase) relative to the SRM experiment (3.7-fold). Overall, 6-hour SILAC experiment provided only 14 candidate proteins and failed to identify many robust estrogen-regulated proteins, such as CDK1, KPNA2 and MCM6 which were later verified by SRM. It is likely that during growth in the SILAC media, which are supplemented with dialyzed but not standard FBS, cells undergo high stress which affects the dynamics of ER␣ signaling. Our preliminary experiments with SILAC labeling also showed that metabolically labeled MCF-7 cells might even completely fail to respond to estradiol stimulation. For example, we previously observed a subset of SILAC-labeled MCF-7 cells which had normal phenotypical features and expressed ER␣, but had a substantially increased population doubling time (72 versus 36 h) and did not respond to estradiol, as measured by the expression of trefoil factor 1. Thus, in order to validate SILAC-derived candidates and measure the accurate dynamics of protein expression by SRM, we relied on MCF-7 cells grown in their native media (RPMI 1640 supplemented with 10% FBS).
Measuring the Accurate Dynamics of Expression of ER␣-regulated Proteins-Measurement of protein expression at multiple time points after estradiol stimulation allowed us to observe accurate dynamics of primary targets and secondary response proteins, as defined by the presence and absence of EREs, respectively. We observed a rapid response for primary targets and delayed response for secondary targets (Table I and Fig. 4 ). Using increasing doses of 4-hydroxytamoxifen during estradiol stimulation (Fig. 5) , we also confirmed that the observed response was mediated through ER␣.
To compare dynamics of mRNA and protein expression, we analyzed publicly available microarray gene expression profiling of MCF-7 cells treated with estradiol and cultured for 0, 3, 6 and 12 h after treatment (3). Comparison of 95 genes discovered by SILAC at 36 h and corresponding mRNAs at 12 h revealed the following trends: (1) 44 genes had the same direction of over-or under-expression, with substantial protein and mRNA fold changes Ͼ1.5 or Ͻ0.67; (2) 23 genes had the same direction of over-or under-expression, but mRNA fold changes were not substantial Ͻ1.5 or Ͼ0.67; (3) 26 genes had different directions of over-or under-expression, but mRNA fold changes were not substantial Ͻ1.5 or Ͼ0.67 and (4) three genes had different directions of over-or underexpression, with substantial protein and mRNA fold changes Ͼ1.5 or Ͻ0.67. Thus, 44/95 mRNA/proteins were correlated, 49/95 mRNA/proteins were inconclusive and 3 mRNA/ proteins revealed the opposite trends. In general, relative changes of mRNA expression (1.2-fold median) were notably smaller than changes in protein expression (1.7-fold median), if we consider seven ERE(ϩ) estrogenregulated proteins measured by microarray and SRM at 6 h (supplemental Table S7 ). In addition, secondary response genes and their corresponding proteins were marginally elevated at the mRNA level, but substantially over-expressed at the protein level. Our results demonstrated that EREs and mRNA expression may predict estrogen-regulated genes, but fail to predict accurate dynamics of protein expression.
Measuring the Dynamics of Protein Expression in the Network of Secondary Messengers Regulated by Transcription
Factor EGR3, a Primary Target of ER␣ Signaling-Our SRM data revealed a strong but delayed expression of several proteins whose genes did not have EREs and thus were defined as secondary response proteins (Table I) . One of such proteins was NGFI-A binding protein 2 (NAB2), a primary target of EGR3 transcription factor, which in its turn is a primary target of ER␣ in MCF-7 cells. Unlike other ER␣-regulated networks (for example, well-studied ER␣-E2F1-CDK1 network), ER␣-EGR3-NAB2 network and dynamics of its signaling was not previously investigated in detail and thus captured our attention.
Because of its low expression levels in MCF-7 cells, EGR3 transcription factor was not identified by SILAC. However, the increased expression of EGR3 protein upon estradiol stimulation was confirmed by Western blot (Fig. 6A) . We also confirmed by deep proteomic analysis of cell lysate the expression of EGR3 in MCF-7 cells and the absence of EGR1, EGR2 and EGR4 (supplemental Tables S8, S9 and Fig. 6A ).
Because NAB2 protein is a repressor of EGR3-mediated transcription and acts as a dynamic brake in the ER␣-EGR3 network (Fig. 6B) , we hypothesized that expression of EGR3-regulated proteins will be enhanced upon siRNA silencing of NAB2. First, we selected from the literature four putative EGR3-regulated transcipts ITGA2, DCLK1, CDC5L, SPINT1, and TPM1 (30) . Note that ITGA2, DCLK1, CDC5L and SPINT1 were found in our MCF-7 proteome, but not selected as candidates in the SILAC experiment because changes of their expression were not significant (Ͻ1.5-fold, Benjamini-Hochberg-adjusted t test p Ͼ 0.05). For example, the expression of ITGA2 in the three replicates of 36 h-stimulated cells increased 1.30, 1.15 and 0.94-fold (adjusted t test p ϭ 0.36). Such small changes might be expected for EGR3-regulated proteins because their expression over time might be suppressed by the increasing amounts of NAB2. Second, we developed a multiplex SRM assay for ER␣-regulated proteins (PGR and NAB2), putative EGR3-regulated proteins (ITGA2, DCLK1, CDC5L, TPM1 and SPINT1) and seven house-keeping proteins (supplemental Table S10 ). Following optimization of NAB2 silencing by siRNA (supplemental Fig. S5 ), MCF-7 cells were transfected with siRNA-NAB2 or nontargeting siRNA for 24 h, stimulated with 10 nM estradiol and grown for additional 0, 3, 12, and 36 h in duplicates.
Finally, we measured by SRM the dynamics of estradiolinduced protein expression in the ER␣-EGR3 network with and without NAB2 silencing (Fig. 6B) . As it was expected, estradiol stimulation resulted in a significant increase of PGR (two-way ANOVA with Bonferroni's multiple comparisons post-tests, ␣ ϭ 0.05, adjusted p Ͻ 0.0001) and NAB2 (adjusted p ϭ 0.002) expression at 36 h (Fig. 6C) . Levels of NAB2 protein in siRNA-NAB2 transfected cells decreased dramatically (mean fold change 3.6; adjusted p ϭ 0.0002). The 36-hour effect of siRNA-NAB2 on PGR was not significant (fold change 1.06; adjusted p ϭ 0.05).
Impact of siRNA-NAB2 transfection or estradiol stimulation on the levels of putative EGR3-regulated proteins DCLK1, CDC5L, TPM1, and SPINT1 was not significant (supplemental Table S11 and supplemental Fig. S6 ). Interestingly, only alpha 2 integrin (ITGA2) was significantly up-regulated by estradiol stimulation with and without NAB2 silencing (36 versus 0 h; adjusted p ϭ 0.008 and 0.009). ITGA2 expression also significantly increased at 36 h upon NAB2 silencing (fold change 1.2; adjusted p ϭ 0.008) (Fig. 6C) . We thus concluded that expression of ITGA2 protein was enhanced upon NAB2 silencing. Rational reprogramming of cellular responses and engineering of synthetic gene circuits (31) may require tools to manipulate the dynamics and intensity of response to receptor stimulation. Even though it is too preliminary to make any broad conclusions based on the silencing of a single repressor NAB2 in the present work, such approach may be investigated in future for multiple transcription factors and their repressors or activators.
DISCUSSION
Estrogen-regulated genes were widely studied by genomic and transcriptomic approaches (3). Chromatin immunoprecipitation experiments and bioinformatic algorithms predicted hundreds of potential ER␣-binding sites in the human genome (5, (32) (33) (34) . Transcriptomic studies provided expression levels of estrogen-regulated genes and revealed primary and secondary targets in combination with EREs (35) (36) (37) . Estrogenregulated proteins were traditionally studied by antibodybased techniques such as Western blots, whose semiquantitative capabilities did not allow for the accurate measurement of the dynamics of protein expression (38, 39) . In this work, we employed two different quantitative proteomic methods to identify and validate estrogen-regulated proteins. The presented approach offers supplementary knowledge on protein abundance and dynamics of expression which cannot be predicted using genomic and transcriptomic data (23) .
Our global SILAC approach quantified more than 3100 proteins and revealed 103 putative primary and secondary targets of ER␣ signaling. Targeted proteomics by SRM verified 19 of those proteins. During SILAC labeling, MCF-7 cells were closely monitored to ensure that their phenotypical characteristics, proliferation rate and active ER␣ signaling were not altered. However, accurate comparison of both approaches showed that the dynamics of protein expression might be distorted or delayed in the SILAC-labeled cells. This observation might be related to the extended cell culture (six doublings to reach 99% labeling) in the SILAC media supplemented with dialyzed versus native FBS. Recognizing possible shortcomings of SILAC labeling, the differential expression of candidate proteins was verified by SRM in the unlabeled MCF-7 cells grown for a limited number of passages. Even though the SILAC approach revolutionized global quantification of the cellular proteomes, we would thus suggest that SILAC results need to be independently verified.
In our work, SRM assays allowed for the simultaneous measurement of dynamics of dozens of estrogen-regulated proteins. Although reviewing the dynamics of protein expression, we noted a sharp increase in the expression of ERE(ϩ) primary response proteins at 3 h and a plateau at 24 h (TFF1), whereas the expression of ERE(-) secondary response proteins was moderate at 3 h and continued to increase until 72 h. Some ERE(ϩ) and ERE(-) genes, for example TST and TOP2A, exhibited little difference for their early and late responses. Such little difference might be because of either the impact of factors which repress transcription of TST and TOP2A or because of the less precise measurements of expression of these proteins by SRM. FIG. 6 . Dynamics of protein expression in the ER␣-EGR3 network. A, Expression of EGR3 in MCF-7 cells as measured by Western blotting (basal expression and expression at 36 h after stimulation) or by the deep proteomic profiling. Isoform 2 of Early growth response protein 3 (Q06889 -2) was identified with 13 peptides, 3 unique peptides and the sequence coverage of 42%. EGR1, EGR2 and EGR4 proteins were not identified. B, SiRNA silencing of NAB2, the repressor of EGR3, may alter the dynamics of protein expression in the ER␣-EGR3-NAB2 network. C, Dynamics of protein expression in the ER␣-EGR3-NAB2 network upon NAB2 silencing, as measured by SRM. Very low levels of NAB2 protein in siRNA-NAB2 transfected cells, a significant increase of PGR and NAB2 levels upon estradiol stimulation in the control cells transfected with nontargeting siRNA (nt-siRNA), and no effect on house-keeping proteins were observed. Levels of putative EGR3-regulated proteins DCLK1, CDC5L, TPM1, and SPINT1 were not affected either by siRNA-NAB2 transfection or estradiol stimulation (supplemental Fig.  S5 ). Expression of alpha 2 integrin protein (ITGA2) was not only estradiol-dependent, but also increased upon siRNA-NAB2 silencing. E2, 17␤-estradiol; a.u., arbitrary units.
It should be mentioned that estradiol-mediated expression of ERE(-) genes may be executed through several indirect mechanisms:
(1) induction of expression of ERE(-) genes by the primary products of ER␣ stimulation. Such products may include transcription factors (EGR3, PGR, E2F1), transcriptional activators and repressors (FLH2), and growth factors or receptor ligands (OSTF1 and HDGFRP3);
(2) binding of the estradiol-activated ER␣ to other transcription factors (AP-1, STATs, ATF-2, c-Jun, Sp1 and NF-B) which then trigger transcription through their cognate DNA binding sites (40) ; (3) nongenomic rapid signaling through the membrane or cytoplasmic G protein-coupled estrogen receptor GPR30; (4) nongenomic rapid signaling through activation of protein-kinase cascades (MAPK, Src, AKT and others).
Even though in this work we focused on the slow genomic signaling exerted through ER␣ within hours, we cannot completely exclude expression of some ERE(-) proteins through the rapid nongenomic signaling mechanisms. It should be also noted that in other breast cancer cell lines different combinations of transcriptional co-factors, activators and repressors may modulate the response of ER␣ and trigger the expression of additional proteins.
Overall, ER␣ is a master regulator of gene expression, and its signaling involves cross-talks with numerous nongenomic and genomic pathways including EGFR and IGFR pathways (41) (42) (43) . Cross-talks with genomic signaling pathways are exerted through estrogen-regulated expression of multiple transcription factors including PGR, E2F1, GATA3, and others (3) (4) (5) (6) 44) . Even though these low-abundance transcription factors cannot be directly measured by mass spectrometry as yet, their activity can be inferred through the measurement of their secondary response targets. In this work, we measured secondary messengers of ER␣-E2F1 network (CDK1, DUT and TOP2A) and ER␣-EGR3 network (NAB2 and ITGA2) (45, 46) . EGR family of transcription factors includes immediateearly growth response genes induced by mitogenic stimulation (47) . It was demonstrated that EGR factors digitalize mitogenic stimuli of the epidermal growth factor through MAPK/ERK pathway and ensure that cells undergo proliferation only upon consistent stimulation and do not respond to the single events of exposure to growth factors (48) . Expression of EGR3 factor is induced by estradiol and activates the secondary wave of transcriptional events which are modulated by the family of transcriptional co-repressors NAB1 and NAB2. NGFI-A binding protein NAB2 represses the activity of promoters upstream of the DNA binding domains of EGR1, EGR2 and EGR3 (49, 50) . NAB2 is thus acting as a brake: it stops transcription of EGR3-regulated genes at a certain period of stimulation, thus preventing an unrestrained activity of EGR3-regulated proteins (51) . Because NAB2 is also a direct target of EGR3 in breast tissues and MCF-7 cells (52) , such mechanism provides a negative feedback loop in the EGR3-regulated network (53) .
Loss of NAB2 co-repressor was previously found in the primary prostate carcinoma and resulted in high transcriptional activity of EGR1 (54, 55) . Similarly, association between breast cancer and EGR3 signaling was suggested (56) . Investigation of NAB2 loss, EGR3 hyperactivation and unrestrained proliferation of breast cancer cells may provide future directions for studies of ER␣-EGR3 network.
Measurement of the dynamics of estrogen-regulated proteins is also important for the translational research. Circulating levels of estradiol in blood of premenopausal women change between 100 to 700 pmol/L within a month (57) , resulting in the alternating expression of estrogen-regulated proteins in tissues, blood and urine (58) . Because estrogenregulated proteins are often identified as disease biomarkers (59) , dynamic profile of such proteins in biological fluids may eliminate some false biomarkers (60) .
To conclude, we identified by SILAC 103 estrogen-regulated proteins and verified by SRM 19 of these candidate proteins. We also measured accurate temporal dynamics of expression of these proteins and differentiated between the primary and secondary target genes of ER␣ signaling in MCF-7 cells. Finally, we measured the dynamics of protein expression in the subnetwork of primary and secondary targets of ER␣. Our work demonstrated the power of quantitative proteomics for the elucidation of primary and secondary effects of hormonal stimulation and accurate measurements of the dynamics of protein expression in the networks of transcription factors with negative feedback loops. Experimental measurement of the dynamics of protein expression in such networks may find numerous applications in systems biology, reprogramming of the cellular responses and cell engineering.
